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ABSTRACT: The molecular and crystal structure of two dithiolactones (formally dimers
of ε-caprothiolactone and ω-hexadecathiolactone) have been determined by X-ray
diffraction at low temperature, revealing that the thioester group is planar with a
synperiplanar orientation of the CO double bond with respect to the SC single bond.
This conformational behavior is in contrast to that found for the smaller cyclic members of
this family, where the antiperiplanar conformation is enforced. It is hypothesized that
strain effects play a major role for the energy balance in the conformational preference. In
this context, the molecular, vibrational (infrared and Raman), and electronic properties of
ε-caprothiolactone have also been analyzed by using a combined experimental, including
gas-phase helium I photoelectron spectroscopy, and computational approach.
1. INTRODUCTION
The presence of a large lactone ring, usually a 14−16-
membered cycle, is an essential constituent of macrolides,
which are widespread in antibiotics. Specific conformations are
known for several of the macrolides,1 and their overall
constitutional structures reveal an unusual wealth of stereo-
chemical features involving asymmetric centers and conforma-
tional variations of the lactone rings. The general principles
underlying the conformational behavior of lactones were
understood after the work by Allinger2 and Thomas,3,4 who
studied the small-ring representatives of this chemical family.
Lactones are quite reactive and readily convert to their linear
counterparts by polymerization reactions, which has been
related to the release of ring strain.5,6
Macrolides containing a thiolactone group are much less
common species, even though the biochemical importance of
protein-bound macrocyclic thiolactones was recognized early.7
In effect, small cyclic thiolactones are also very interesting
molecules in biological terms, the most significant examples are
the five-membered cycles homocysteine thiolactone8,9 and
thiolactomycin, an antibiotic known for its remarkable
selectivity and broad antibacterial spectrum.10 Thus, preparative
methods are available in the chemical literature for the synthesis
of thiolactone species.11−14 However, less is known about
structural aspects of both small-sized and macrolide thio-
lactones. Specifically, only the microwave spectrum of the
nonsubstituted species was reported by Alonso et al.,15 which
allowed the determination of the moments of inertia and the
nonplanarity of butyrothiolactone in the gas phase. Molecular
and crystal structures of derivatives of higher molecular weight
have also been studied by X-ray diffractometry.16,17 In this
sense, a broader knowledge of the molecular structure of simple
thiolactones is of major interest. Quite recently, the structural
and electronic properties for the nonsubstituted four-,18 five-,19
and six-membered20 species have been studied in our group by
using a combined experimental and quantum chemical
approach. In all these molecules, the central −SC(O)− unit
is forced to adopt an antiperiplanar (anti) conformation by the
constraints of the ring system. It should be noted, however, that
the preference of the synperiplanar (syn) conformation for
noncyclic thioesters has been well recognized (Scheme 1).
The ubiquity of the −SC(O)− group in biochemistry
suggests that thioesters have played an important role in the
origin of life, especially as chemical reservoirs of energy in early
metabolism.21,22 Recent work has shown that prebiotically
relevant thioesters can survive hydrolysis in water for long
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periods of time and conditions exist where the rate of thiol-
thioester exchange long exceeds the rate of hydrolysis.23
In this work, the seven-membered ε-caprothiolactone species
(n = 7) is analyzed in terms of its structural, conformational and
electronic properties, including the assignment of the gas-phase
photoelectron spectrum. A systematic analysis of the structural,
vibro-conformational, and electronic properties for the smallest
members of the thiolactone family of compounds is presented,
and the observed experimental trends are discussed on the basis
of the computed strain energies. In an attempt to narrow the
gap between simple thiolactone molecules and more complex
macrolide species, two dithiolactone, formally dimers of ε-
capro- and ω-hexadecathiolactone, have been synthesized and
their structural properties have been studied in relation with
their monomeric counterparts.
2. EXPERIMENTAL SECTION
2.1. Synthesis. Bhar et al.12 reported a method for the
synthesis of thiolactones by using the cyclization reaction of
bromoalkanoyl chlorides with benzyltriethylammonium tetra-
thiomolybdate as a sulfur-transfer reagent. When 6-bromohex-
anoyl chloride is used, a mixture of ε-caprothiolactone
monomer (13%) and dimer (16%) is obtained. The products
were isolated and purified by flash column chromatography on
silica gel using petroleum ether as eluent. The final purity in
liquid and solid phase was carefully checked by reference to the
IR (see Figures S1 and S2 (Supporting Information) and
discussion below), GC-MS, and 1H and 13C NMR spectra.11,12
Single crystals of the ε-caprothiolactone dimer suitable for
structural X-ray diffraction work were obtained after successive
recrystallizations from a mixture of THF/n-hexane at −5 °C.
Following a similar method,12 the novel dimer of ω-
hexadecathiolactone was prepared, using 3 mmol of tetrathio-
molybdate as a sulfur-transfer reagent together with 2 mmol of
16-bromohexadecanoyl chloride in dry acetonitrile at room
temperature. 16-Bromohexadecanoyl chloride was obtained by
chlor inat ion of 16-bromohexadecanoic ac id [Br-
(CH2)15COOH, Sigma Aldrich, 99%] with an excess of thionyl
chloride using microwave radiation for 48 h at 100 °C and the
product was characterized by IR spectroscopy [FT-IR/KBr
(cm−1): 2925 (vs), 2854 (vs), 1800 (s), 1464 (s), 1403 (m),
1258 (m), 1132 (m), 953 (m), 721 (m), 680 (m), 646 (w), 564
(m), 432 (m)]. After the usual workup, the crude product was
obtained as a white solid and purified by column chromatog-
raphy on silica gel using petroleum ether/EtOAc (95:5) as
eluent. The product was further recrystallized from CHCl3.
1H
NMR (CDCl3) (δ in ppm): δ = 2.86 (4H t), δ = 2.52 (4H t), δ
= 1.40−1.80 (8H m), δ = 1.1−1.3 (44 H m). The melting point
is 63.3(5) °C, as determined by differential scanning
calorimetry. The GC−MS analysis showed an intense peak at
m/z = 270 corresponding to the monomeric species [SCO-
(CH2)15]
+. Further information is obtained from the FT-IR
spectrum shown in Figure S3 (Supporting Information), as
discussed below.
2.2. Instrumentation. 2.2.1. IR and Raman Spectroscopy.
IR absorption spectra in the liquid (ε-caprothiolactone) and
solid states (in KBr pellets for ε-caprothiolactone and ω-
hexadecathiolactone dimers) were recorded with a resolution of
2 cm−1 in the range 4000−400 cm−1 using a Bruker model
EQUINOX 55 equipped with DLATGS detector with a KBr
window. The FT-Raman spectra (liquid for ε-caprothiolactone
and powdered solids for the ε-caprothiolactone and ω-
hexadecathiolactone dimers) were recorded in the region
4000−100 cm−1 using a Bruker IFS 66v spectrometer equipped
with Nd:YAG laser source operating at 1064 nm line with 200
mW power of spectral width 2 cm−1.
2.2.2. Photoelectron Spectroscopy. The gas-phase PE
spectrum of ε-caprothiolactone was recorded on a double-
chamber UPS-II machine, which was designed specifically to
detect transient species, as described elsewhere,24−26 at a
resolution of about 30 meV, indicated by the standard
Ar+(2P3/2) photoelectron band. Experimental vertical ionization
energies were calibrated by simultaneous addition of a small
amount of argon and methyl iodide to the sample.
2.2.3. Gas Chromatography−Mass Spectrometry. The
GC−MS measurements were recorded with a GCMS-
QP2010 SHIMADZU instrument using gaseous helium as
mobile phase with the pressure in the column head equal to
100 kPa. The column used was a 19091J-433 HP-5 of 30 m ×
0.32 mm × 0.25 mm film thickness. Approximately 1 μL
volume of the compounds dissolved in CHCl3 was chromato-
graphed under the following conditions: the injection temper-
ature was 200 °C, the initial column temperature (70 °C) was
held for 2 min, then increased to 200 °C at 10 °C/min and held
for 4 min, and finally increased to 250 °C at 10 °C/min and
held for 2 min. In the spectrometer the source was kept at 200
°C.
2.2.4. X-ray Diffraction Data. The measurements on the ε-
caprothiolactone dimer were performed at low temperature (T
= 130 K) on an Agilent Technologies Gemini diffractometer
with graphite-monochromated Mo Kα (λ = 0.710 73 Å)
radiation. The diffraction data of ω-hexadecathiolactone dimer
were collected at T = 100 K on an Oxford Xcalibur, Eos,
Gemini CCD diffractometer with graphite-monochromated Cu
Kα (λ = 1.541 84 Å) radiation. X-ray diffraction intensities were
collected (ω scans with ϑ- and κ-offsets), integrated and scaled
with CrysAlisPro27 suite of programs. The unit cell parameters
were obtained by least-squares refinement (based on the
angular settings for all collected reflections with intensities
larger than seven times the standard deviation of measurement
errors) using CrysAlisPro. Data were corrected empirically for
absorption employing the multiscan method implemented in
CrysAlisPro. The structures were solved by direct methods with
SHELXS-9728 and the molecular models refined by full-matrix
Scheme 1. (A) Schematic Representation of the Conformational Equilibrium between the Syn and Anti Conformers for
Thioester Compounds and (B) Constraints of the Ring Force Small Thiolactones To Adopt the Anti Form
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least-squares procedure on F2 with SHELXL-97.29 Hydrogen
atoms were positioned stereochemically and refined with the
riding model. The asymmetric unit of ε-caprothiolactone
accommodates three molecules with two of them located on
crystallographic inversion centers. All these molecules are found
to be completely disordered with a ratio of 0.591(3):0.409(3)
(molecule at general position), and 0.570(4):0.430(4) and
0.724(4):0.276(4) for the center-symmetric molecules. Further
details on crystal data and structure refinement are provided as
Supporting Information (Tables S1 and S2). Full crystallo-
graphic data have been deposited with the Cambridge
Crystallographic Data Centre (CCDC). Enquiries for data
can be directed to: Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge, U.K., CB2 1EZ or (e-mail)
deposit@ccdc.cam.ac.uk or (fax) +44 (0) 1223 336033. Any
request to the Cambridge Crystallographic Data Centre for this
material should quote the full literature citation and the
reference number CCDC 934413 (ε-caprothiolactone dimer)
and CCDC 934412 (ω-hexadecathiolactone dimer).
2.3. Quantum Chemistry. The calculations were per-
formed using the GAUSSIAN 0330 program package. Full
geometry optimizations were done by applying ab initio (MP2)
and DFT (B3LYP) methods using the 6-311++G(d,p) and aug-
cc-pVTZ basis set. The calculated vibrational properties
corresponded in all cases to potential energy minima for
which no imaginary frequency was found. The vertical
ionization energies (Ev) were calculated according to
Cederbaum’s outer valence Green’s function (OVGF)
method31,32 with the 6-311++G(d,p) basis set, based on the
B3LYP/6-311++G(d,p) optimized geometry. The strain energy
of ε-caprothiolactone has been calculated by applying the s-
homodesmotic approach introduced by Zhao and Gimarc.33
The formal reactions needed for computation of the ring strain
are given as Supporting Information (Figure S4). To obtain the
energies for all acyclic systems, optimum equilibrium geo-
metries were computed for the singlet ground states of all
pertinent molecular systems using B3LYP and MP2 methods
with the 6-311++G(d,p) basis set. Several conformations were
computed to ensure that the lowest energy conformation was
obtained for each species. In all cases, electronic energies plus
the zero-point energy were used to compute the strain energies.
3. RESULTS AND DISCUSSION
3.1. Conformational and Structural Analysis. 3.1.1. ε-
Caprothiolactone. For the oxygen analogue, ε-caprolactone,
rotational constants derived from microwave studies revealed
that the most stable anti-chair conformation is the only
conformation detectable in the gas phase.34 Recent high-level
quantum chemical calculations (G3MP2 composite method)
for ε-caprolactone result in five structures, the most stable one
being the anti-chair conformation and suggesting that the
second stable conformation corresponds to the boat con-
formation, higher in energy by 2.4 kcal/mol.35
Following this approach, the conformational space of ε-
caprothiolactone was first analyzed by using quantum chemical
calculations. B3LYP method with large basis sets (aug-cc-
pVTZ) predicts that four structures are minimum energy
conformations in the potential energy hypersurface, the
computed molecular structures are shown in Figure 1. In all
these forms an antiperiplanar orientation of the CO double
bond and the SC single bond is observed, differences
between them arising from the conformation adopted by the
cycle. Thus, the most stable conformation corresponds to the
chair conformation, followed by the boat conformation, which
is less stable than the chair conformation by 2.0 kcal/mol. The
third conformation, which is 3.3 kcal/mol (ΔE0) less stable
than the chair conformation, corresponds to the twist boat
conformation. The inclusion of electron correlation at the
MP2/aug-cc-pVTZ level of calculations (with ZPC energy at
the B3LYP level using the same basis sets) diminishes the ΔE0
Figure 1.Molecular models computed for the three main conformations of ε-caprothiolactone with ΔE0 values given in parentheses (B3LYP/aug-cc-
pVTZ).
Figure 2. Left: view of one independent ε-caprothiolactone dimer in the solid state showing the labeling of the non-H atoms and their displacement
ellipsoids at the 50% probability level. Right: corresponding molecular model from gas-phase calculations.
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energy difference between the chair and boat forms to 0.86
kcal/mol.
We carefully analyzed the vibrational data (see below),
including the infrared and Raman spectra of liquid ε-
caprothiolactone (see Figure S1 in the Supporting Information)
assisted by frequency quantum chemical calculations for all
forms. Very similar vibrational spectra are predicted for the
different conformers. A small splitting is predicted for the ring-
breathing vibrations, which are computed (B3LYP/aug-cc-
pVTZ) at 789, 799, and 804 cm−1 for the chair, boat and twist
boat conformation, respectively. A single medium intensity
absorption at 789 cm−1 is observed in the infrared spectrum of
liquid ε-caprothiolactone, suggesting the presence of only one
conformation in the liquid. However, the carbonyl stretching
region shows the presence of quite broad bands centered at
1667 and 1664 cm−1 in the IR and Raman spectra, respectively.
In the IR spectra, a shoulder is clearly defined at ca. 1676 cm−1,
which could be indicative of a conformational equilibrium or of
an association process. The computed values for the ν(CO)
fundamentals are 1751 and 1760 cm−1 for the chair and boat
conformations, respectively. Thus, it is plausible that both the
boat and twist conformations coexist in equilibrium in liquid ε-
caprothiolactone at room temperature.
3.1.2. ε-Caprothiolactone Dimer. There are three in-
dependent molecules present in the asymmetric unit, two of
them are located on inversion centers. A DIAMOND36 plot of
the third molecule (at a general position) is shown in Figure 2.
The thiolactone groups (−SCO−) adopt a head-to-tail
arrangement, with the carbonyl groups oriented in opposite
directions, whereas the two CSCC moieties adopt a
gauche conformation. Due to the size of the ring, with several
accessible conformations within a range of a few kcal/mol, the
sulfenyl carbonyl group conformation can adopt the preferred
synperiplanar orientation. These features are in agreement with
the structures of related polythiolactones, recently reported by
Vujasinovic et al.37,38
3.1.3. ω-Hexadecathiolactone Dimer. The cyclic thioester
molecule (Figure 3) is located on a crystallographic inversion
center. It adopts a ribbon-like conformation defined by two
parallel and inversion-related pleated −(CH2)15− strands that
are looped at their ends by linking sulfenyl carbonyl −SC(O)−
groups.
On the basis of the analysis performed for the simplest
thiolactone species, we applied the B3LYP/6-311++G** for
computing bond lengths and bond angles in the dimeric
species, which compare fairly well with the values obtained
from the X-ray analysis (see Tables S8 and S9 in the Supporting
Information for the whole computed values). Some deviations
are found for the bond lengths involving the sulfur atom.39 It is
known, however, that in the comparison of crystal and gas-
phase structures, systematic differences due to intermolecular
interactions (crystal-packing effects) in the solid phase have to
be considered, especially for terminal bond lengths.40
A comparison of the molecular structures of the three
thiolactone species studied here yields some interesting
conclusions. Thus, it is clear that the conformational preference
of the −SC(O)− group clearly depends on the size of the
lactone ring. For ε-caprothiolactone, the −SC(O)− unit is
forced to adopt an antiperiplanar conformation [δ(OC
SC) = 180°, Figure 1] by the constraints of the ring system.
When the ring size increases, e.g., by forming the dithiolactones
as in the present case, the conformational preference is inverted
and the synperiplanar conformation is adopted around the C
S bonds, with δ(OCSC) = 0°. It is noteworthy that the
syn arrangement is the preferred conformation experimentally
observed in a vast number of noncyclic thioesters.41−43 Thus, it
is plausible that in the seven-membered cyclic thiolactone, in
which the −SC(O)− unit is forced to adopt an anti
conformation, the strain energy would play a relevant role in
the physicochemical properties. This point will be analyzed in
the next sections.
3.2. Strain Energy. The trend in the molecular strain
produced by decreasing the ring size in cyclic molecules is well-
known.44 On this basis, it would be expected that, when the size
of the cycle is increased, the strain energy will decrease. The
computed strain energy of ε-caprothiolactone is given in Table
1 and compared with the nearest smallest analogues β-
Figure 3. Molecular structure of ω-hexadecathiolactone dimer in the solid state. The molecule is located on an inversion center. For simplicity, the
labeling scheme is implicitly indicated by naming a few atoms at the beginning and end of a pleated −(CH2)15− strand.
Table 1. Comparison between the Strain Energy (kcal/mol)
of Thiolactones and Their Respective Lactone Species with










lactone 22.7a,47 7.8a,47 10.2a,47 10.7d,47
thiolactone 16.4b,18 3.8b,19 7.5c,20 8.7c
aCalculated at the CBS-Q level of approximation. bG2MP2 values.
cThis work, calculated at the MP2/6-311++G** level. dObtained with
MM3.
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propiothiolactone,18 γ-butyrothiolactone,19 and δ-valerothiolac-
tone.20 As has been recently reported by Ringer and Magers,45
homodesmic and hyperhomodesmic models result in similar
strain energy values, whereas the isodesmotic reaction scheme
yields strain values that are definitively underestimated. These
authors also pointed out that the B3LYP method under-
estimates the strain energy. All these comments also apply to
our calculations on the strain energy of ε-caprothiolactone.
The strain energy value for ε-caprothiolactone determined by
using the hyperhomodesmic approach at the MP2/6-311+
+G(d,p) level is 8.7 kcal/mol. This value is slightly higher than
that found for cycloheptane (6.7 kcal/mol),46 the “reference”
molecule for a seven-membered cyclic species, and also for
cycloheptanone47 (3.74 kcal/mol). However, the strain energy
is lower than that of the oxygen analogue ε-caprolactone (10.7
kcal/mol).47 This behavior agrees with the fact that the
presence of a carbonyl group has little impact on the strain
energy, but the replacement of a methylene group by an oxygen
atom increases the strain of the ring lowering the conforma-
tional molecular flexibility. Thus, the tendency for the strain
energy of seven-membered species related to the title
compound is ε-caprolactone > ε-caprothiolactone > cyclo-
heptane > cycloheptanone.
To better understand the behavior of the lactone and
thiolactone species, the ring strains of the cyclic oxo and
thioester analogues are compared in Table 1. In Figure 4, the
trend in the ring strain energy, calculated by the hyper-
homodesmotic method for thiolactones mentioned in this
work,33 is represented graphically. The smallest hypothetical
molecule “ethanethiolactone”, a three-membered ring, has also
been included in this series with a computed strain energy value
of 30.6 kcal/mol at the high-level G3 methodology. The results
also show the excellent agreement between the MP2 (with both
sets of basis functions) and G2MP2 approximations.
A good correlation in the trend for both series is observed.
The lowest strain energy for both lactone and thiolactone
families corresponds to the five-membered ring species, the
corresponding value for seven-membered rings being notably
higher. Thus, in general, the increase of the number of atoms in
the ring allows the carbonyl carbon and sulfur atom to adopt
bond angle values closer to the geometry expected for the
acyclic, ideally nonstrained species. However, the conformation
requirement imposed by the ring also affects the neighboring
methylene groups. For better comparison, experimental and
calculated [B3LYP/6-311++G(d,p)] bond angles for thiolac-
tone species are given in Table 2. It is observed that the bond
angles around both methylene groups directly bonded to the
−SC(O)− moiety adopt values closer to that expected for an
sp3 carbon atom (109.5°) when a five-membered ring is
formed. These angles are notably lower for the highly strained
four-membered species, amounting to 95.68(9)° for the bond
angle around the Cα atom of propiothiolactone.
18 On the other
hand, the values are higher than 109.5° for the six-membered
and seven-membered molecules, i.e., 117.26(7)° for the
∠C(O)−Cα−Cβ of δ-valerothiolactone
19 and 114.6° (B3LYP/
6-311++G**) for the same angle of ε-caprothiolactone. A
similar trend is observed in the oxygen analogues, with
∠C(O)−Cα−Cβ values of 115.7° and 113.9° (B3LYP/6-311+
+G**) for δ-valerolactone and ε-caprolactone, respectively.
3.3. Vibrational Analysis. In lactones, the effect of the
strain distortion in the molecular structure was observed in the
vibrational spectra (infrared and Raman) by Saiyasombat and
co-workers.48 The normal modes related with the lactone group
are sensitive toward the strain energy and an increment in the
frequency values of the ν(CH2O) and ν(OCO)
stretching modes is noted when the ring size increases. To
elucidate whether a similar effect is valid for thiolactones, the
infrared and Raman spectra of ε-caprothiolactone have been
measured in the liquid phase (Figure S1, Supporting
Information) and the results obtained from the theoretical
calculations were used to assign these vibrational spectra. For ε-
caprothiolactone, the most intense band in the IR spectrum at
1667 cm−1 corresponds to ν(CO) and the signal at 595 cm−1
(597 cm−1 in Raman) can be assigned with confidence to the
ν(SC)O stretching mode. The ν(SCH2) stretching
mode is observed in the infrared spectrum at 663 cm−1 as a low
intensity signal and in the Raman spectrum at 664 cm−1 as a
medium intensity signal. These last observations are in
agreement with the quantum chemical calculations, which
compute a very low absorption at 648 cm−1 (B3LYP/6-311+
+G**) for this mode. The opposite trend is true for open chair
thioesters, where the C(sp2)S wavenumber appears at higher
energies than the C(sp3)S value.49 Vibrational data for the β-
propio-,18,50 γ-butyro,19 and δ-valerothiolactones20 have already
been reported. Relevant vibrational data for these thiolactone
species are collected in Table 3. Contrary to the behavior
observed in lactones,48 the frequency values for the ν(CH2S)
and ν(SC(O)) normal modes slightly decrease when the size
of the thiolactone ring increases from β-propio- to ε-capro-
thiolactone. This difference could be attributed to the fact that
ring strain energies (and the geometry distortions) are much
higher for the oxygen analog and thus, the influence exerted by
the ring strain is a dominant factor. For thiolactones, other
factors that also depend on the size of the alkylene chain [for
instance the inductive effect exerted by the −(CH2)n− group]
seem to influence the force constants of the −SC(O)− moiety.
These trends observed for the monomeric species are also
valid for the dimeric species studied here. The solid-phase FT-
IR (in KBr pellets) and Raman spectra of the ε-
caprothiolactone and ω-hexadecathiolactone dimers are
shown in Figures S2 and S3 (Supporting Information),
respectively. The relevant IR absorptions and Raman dispersion
frequencies are compared in Table 3 with the corresponding
Figure 4. Graphical representation of the trend in the strain energy of
the thiolactone species.
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calculated values. It is noteworthy that the most intense IR
band corresponds to the CO vibration, at 1686 and 1690
cm−1 for ε-caprothiolactone and ω-hexadecathiolactone dimers,
respectively. Both dimers show a blue shift (+19 and +20 cm−1,
respectively)11 compared to the corresponding monomers. The
ν(SC)O absorptions appear at 579 and 601 cm−1, in good
agreement with the observed values for the monomeric
thiolactone.
3.4. Helium I Photoelectron Spectra. The gas-phase PE
spectrum of ε-caprothiolactone is presented in Figure 5. The
experimentally observed ionization energies (IP, eV), calculated
vertical ionization energies at OVGF/6-311++G(d,p) (Ev, eV),
molecular orbitals, and assignment are summarized in Table 4.
Two bands appear overlapped at 9.29 and 9.44 eV; their
narrow and sharp contours are characteristic of ionization from
essentially nonbonding orbitals, which suggests these bands are
associated primarily with the ionization of sulfur and oxygen
lone-pair electrons (nS, nO) of the −SC(O)− group,
respectively. This assignment is in agreement with the results
of ab initio calculations, with respect to the ordering of the
orbitals, as shown in Table 4. The same orbital ordering has
been reported for the four-, five-, and six-membered thiolactone
species18−20 and also for related acyclic molecules, for example,
thioacetic acid,24 S-alkyl thioacetates,51 and XC(O)SCl (X =
F52 and Cl24) species. For the first band (nS), the value
observed for the vertical ionization (9.29 eV) is in reasonable
agreement with the theoretically predicted value of 8.96 eV
[ROVGF/6-311++G(d,p)].
There is a relatively large gap between the second and the
third band, the latter having an ionization energy of 11.07 eV.
The calculations predict that this band is associated with an
ionization of electrons mainly localized in the πCO orbital. A
group of overlapping bands appears between 12 and 16 eV,
which can be assigned to ionizations from several σ-CH2
orbitals, as predicted by the calculations.
The schematic representation of the three HOMOs (highest
occupied molecular orbitals) of ε-caprothiolactone is given in
Figure 6. The first three IPs of the molecule are correlated with
Table 2. Comparison of Geometrical Parameters of the Thiolactone Group
aExperimental data from X-ray molecular structure for β-propiothiolactone (mean values for crystallographic nonequivalent molecules)18 and δ-
valerothiolactone.19 bValues computed at the B3LYP/6-311++G** level of approximation.20 cThis work.
Table 3. Selected Vibrational Data (cm−1) for Thiolactone Species
νCO ν(S−CH2) ν(SCO)
species IR Ramanb calca IR Ramanb calca IR Ramanb calca
β-propiothiolactone (n = 4)18,50 1759b 1763b 1855 744a 739b 738 653a 662b 652
γ-butyrothiolactone (n = 5)19 1704b 1702b 1793 685 687b 681 628b 632b 617
δ-valerothiolactone (n = 6)20 1663b 1663b 1754 670 651b 654 601b 591b 580
ε-caprothiolactone (n = 7)d 1667b 1664b 1751 640 664b 648 595b 597b 586
ε-caprothiolactone dimer (n = 14)d 1686c 1682c 1757 670c 668c 655 579c 575c 485
ω-hexadecathiolactone dimer (n = 34)d 1690c 1690c 697c 669c 601c
aB3LYP/6-311++G** level of approximation. bLiquid. cSolid (as KBr pellets for IR). dThis work.
Figure 5. Photoeletron spectrum of ε-caprothiolactone.
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the corresponding values determined for β-propiothiolactone,18
γ-butyrothiolactone,19 and δ-valerothiolactone20 in the diagram
shown also in this figure. The prominent feature is the
diminution of the ionization energy of the three outermost
orbitals when the ring size increases. Resonance or mesomeric
effects in the −C(O)S− group promote a local planar geometry
and are dominated by the donor−acceptor interaction from the
out-of-plane lone pair n″S orbital with the vacant π*CO. The
nonplanarity of the five-, six- and seven-membered thiolactone
rings would prevent this interaction. Thus, to consider the most
important intramolecular interactions present in these species,
the donor−acceptor interaction energies for β-propio-, γ-
butyro-, δ-valero-, and ε-caprothiolactone species have been
evaluated by using the NBO population analysis.53,54 At the
B3LYP/6-311++G(d,p) level, the contribution of the n″S →
π*CO interaction is 27.9, 28.8, 26.3, and 29.0 kcal/mol for
these thiolactone species, respectively. These results suggest
that the electronic interaction is not much affected by the low
nonplanarity of the thiolactone ring. The local planar symmetry
around the carbonyl sp2 carbon atom leads to an efficient
electronic conjugation. These results are in agreement with the
early suggestion of Chin et al. that the electronic properties of
thiolactones are determined primarily by inductive electronic
donations from the alkyl chain.55 A similar behavior was
reported by Isaksson and Lijefors for five-, six-, and seven-
membered cyclic oxamides.56
4. CONCLUSION
The molecular structure of thiolactones is strongly influenced
by the size of the ring. Small-sized species are forced to adopt
an antiperiplanar conformation of the CO double bond and
S−Cα single bond. As shown in this work, the conformational
landscape of the medium-sized ε-caprothiolactone (n = 7) is
still dominated by an anti conformation around the −SC(O)−
group. In contrast, the synperiplanar conformation is preferred
for larger cycles such as the dimers of ε-caprothiolactone (n =
14) and ω-hexadecathiolactone (n = 34). The size of the ring
also energetically favors the number of conformations
accessible to adopt a syn arrangement around the −SC(O)−
group. The syn form is the most stable conformer found for
acyclic thioester analogues. Thus, strain effects seem to
determine the conformational properties. The effects of the
alkyl chain both in the computed strain energy and in the
valence electronic levels have been clarified. Following the
usually accepted trend, the increase of the number of atoms in
the ring allows the carbonyl carbon and sulfur atom to adopt
bond angle values which are closer to the geometry expected
for the acyclic, ideally nonstrained species. However, the
conformation requirement imposed by the ring also affects the
neighboring methylene groups. The lowest strain energy value
was determined for γ-butyrothiolactone (n = 5). The alkyl




Crystallographic details and data, lists of atomic coordinates,
equivalent isotropic displacement coefficients and anisotropic
displacement parameters are given in Tables S1−S7. Tables S8
and S9 list selected experimental and computed (B3LYP/6-
311++G**) geometrical parameters for the dimeric com-
pounds. The FT-IR and FT-Raman spectra of the three
compounds studied here are shown in Figures S1−S3. The
formal reactions used for the ring strain of ε-caprothiolactone
are shown in Figure S4. This material is available free of charge
via the Internet at http://pubs.acs.org.
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(6) Alemań, C.; Betran, O.; Casanovas, J.; Houk, K. N.; Hall, H. K.
Thermodynamic Control of the Polymerizability of Five-, Six-, and
Seven-Membered Lactones. J. Org. Chem. 2009, 74, 6237−6244.
(7) Khan, S. A.; Erickson, B. W. Synthesis and Regioselective
Hydrolysis of Peptides Containing an Internal Residue of
Pyroglutamic Acid. J. Am. Chem. Soc. 1984, 106, 798−799.
(8) Jakubowski, H. Protein Homocysteinylation: Possible Mechanism
Underlying Pathological Consequences of Elevated Homocysteine
Levels. FASEB J. 1999, 13, 2277−2283.
(9) Jakubowski, H. Homocysteine Thiolactone: Metabolic Origin and
Protein Homocysteinylation in Humans. J. Nutr. 2000, 130, 377S−
381S.
(10) Oishi, H.; Noto, T.; Sasaki, H.; Suzuki, K.; Hayashi, T.; Okazaki,
H.; Ando, K.; Sawada, M. Thiolactomycin, a New Antibiotic. I.
Taxonomy of the Producing Organism, Fermentation and Biological
Properties. J. Antibiot. (Tokyo) 1982, 35, 391−395.
(11) Steliou, K.; Salama, P.; Corriveau, J. Reagents for Organic
Synthesis. 4. Group 14 Metal Assisted Carbon-Sulfur Bond Formation.
J. Org. Chem. 1985, 50, 4969−4971.
(12) Bhar, D.; Chandrasekaran, S. Synthesis of Thiolactones using
Benzyltriethylammonium Tetrathiomolybate as Sulfur Transfer
Reagent. Tetrahedron 1997, 53, 11835−11842.
(13) Dalla Cort, A.; Ercolani, G.; Iamiceli, A. L.; Mandolini, L.;
Mencarelli, P. Macrocyclization under Kinetic Control. A Theoretical
Study and Its Application to the Synthesis of Macrocyclic Poly-
(thiolactones). J. Am. Chem. Soc. 1994, 116, 7081−7087.
(14) Dalla Cort, A.; Mandolini, L.; Roelens, S. An Improved
Procedure for the Synthesis of Macrocyclic Poly(thialactones). The
Dramatic Effect of Reactant Mixing. J. Org. Chem. 1992, 57, 766−768.
(15) Alonso, J. L. The Non-planarity of the Ring Atoms in 2-
Oxotetrahydrothiophen. J. Chem. Soc., Chem. Commun. 1981, 12, 577−
578.
(16) Nawata, Y.; Sasaki, H.; Oishi, H.; Suzuki, K.; Sawada, M.; Ando,
K.; Iitaka, Y. Structure of Thiolactomycin. Acta Crystallogr. 1989, C45,
978−979.
(17) Freer, S. T.; Kraut, J. Crystal Structures of d,l-Homocysteine
Thiolactone Hydrochloride: Two Polymorphic Forms and a Hybrid.
Acta Crystallogr. 1965, 19, 992−1002.
(18) Dugarte, N. Y.; Erben, M. F.; Romano, R. M.; Boese, R.; Ge, M.-
F.; Li, Y.; Della Ved́ova, C. O. Matrix Photochemistry, Photoelectron
Spectroscopy, Solid-Phase Structure, and Ring Strain Energy of β-
Propiothiolactone. J. Phys. Chem. A 2009, 113, 3662−3672.
(19) Dugarte, N. Y.; Erben, M. F.; Romano, R. M.; Ge, M.-F.; Li, Y.;
Della Ved́ova, C. O. Matrix Photochemistry at Low Temperatures and
Spectroscopic Properties of γ-Butyrothiolactone. J. Phys. Chem. A
2010, 114, 9462−9470.
(20) Dugarte, N. Y.; Erben, M. F.; Boese, R.; Ge, M.-F.; Yao, L.; Della
Ved́ova, C. O. Molecular and Electronic Structure of δ-Valerothio-
lactone. J. Phys. Chem. A 2011, 114, 12540−12547.
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